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protonneutron

electron In this case, all electrons 
would have the same 
momentum, which would be 
the difference of the initial and 
final nuclear state

But:
Chadwick et al. observed 
a continuous electron 
momentum spectrum

Ữ-decay before 1930

Wolfgang Pauli and the Ữ-decay spectrum
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protonneutron

electron
Explains the 
continuous decay 
spectrum

neutrino

Electrically 
neutral

“Neutrons”

Spin 1/2

m < 0.01 mp

Wolfang Pauli postulated 
the neutrino in 1930

Wolfgang Pauli and the Ữ-decay spectrum
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Wolfgang Pauli and the Ữ-decay spectrum

protonneutron

electron
Explains the 
continuous decay 
spectrum

neutrino

Electrically 
neutral

“Neutrons”

Spin 1/2

m < 0.01 mp

Wolfang Pauli postulated 
the neutrino in 1930

I have done a terrible thing, 

I have postulated a particle 

that can not be detected..
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Cowan & Reines & the antineutrino discovery

Cowan and Reines built a liquid 
scintillator detector and discovered 

the antineutrino in 1956

𝜈e +    p    → e+ +    n
Anti-­‐

electron-­‐
neutrino

Proton NeutronPositron

(inverse beta decay)
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Cowan & Reines & the antineutrino discovery

Cowan and Reines built a liquid 
scintillator detector and discovered 

the antineutrino in 1956

𝜈e +    p    → e+ +    n
Anti-­‐

electron-­‐
neutrino

Proton NeutronPositron

(inverse beta decay) 1995Fred ReinesClyde Cowan, Jr.
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Lederman, Schwartz & 
Steinberger used 
neutrinos produced in 
pion decays in the BNL 
Alternating gradient 
synchrotron

νμ

p+

n

These neutrinos produce muons when interacting 
with matter. They are a different neutrino flavor!

μ-

1988

νe

p+

e+

n

Cowan&Reines discovered 
the electron antineutrino_Recap:

Jack 
Steinberger

Leon 
Lederman

Mel 
Schwartz

An additional type of neutrino
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=	
  1.6	
  x	
  10-­‐15
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Neutrinos come in three flavors

electron-neutrino

𝜈𝑒
muon-neutrino

𝜈𝜇
tau-neutrino

𝜈𝜏



How we distinguish them
electron-neutrino

𝜈𝑒

𝑛 𝑝 +

𝑒 −

muon-neutrino

𝜈𝜇

𝑛 𝑝 +

𝜇 −

tau-neutrino

𝜈𝜏

𝑛 𝑝 +

𝜏 −
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Same for anti-particles
electron-neutrino

𝜈𝑒

𝑛 𝑝 +

𝑒 −

muon-neutrino

𝜈𝜇

𝑛 𝑝 +

𝜇 −

tau-neutrino

𝜈𝜏

𝑛 𝑝 +

𝜏 −

𝑛𝑝 +

𝑒 +electron-anti-neutrino

𝜈𝑒

muon-anti-neutrino

𝜈𝜇

𝑛𝑝 +

𝜇 +

tau-anti-neutrino

𝜈𝜏

𝑛𝑝 +

𝜏 +_

_

_
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charged-current versus neutral-current

electron-neutrino

𝜈𝑒

𝑛 𝑝 +

𝑒 −
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𝑊 +/−

W+/-­‐ =	
  charged	
  boson

charged-current

𝜈

𝑛 𝑛

𝜈
𝑍0

Z0 =	
  neutral	
  boson

neutral-current

?



charged-current versus neutral-current

electron-neutrino

𝜈𝑒

𝑛 𝑝 +

𝑒 −
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𝑊 +/−

W+/-­‐ =	
  charged	
  boson

charged-current

𝜈

𝑛 𝑛

𝜈
𝑍0

Z0 =	
  neutral	
  boson

neutral-current

?

Oh no! We don’t know what type of neutrino it was and we will never find out…



Neutrinos and forces

Do neutrinos interact via…

…strong force?

…electro magnetism?

…weak force?

…gravity?

RangeStrength
Force 
carrier

1

1/137

10-6

6 x 10-39

gluons

g

W&Z
bosons

photon

𝛾

10-15 m
(diameter of medium 

nucleus)

infinite

infinite

10-18 m
(0.1% of 

proton diameter)
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?



Neutrinos and forces

Do neutrinos interact via…

…electro magnetism?

…weak force?

…gravity?

RangeStrength
Force 
carrier

1/137

10-6

6 x 10-39

W&Z
bosons

photon

𝛾infinite

infinite

10-18 m
(0.1% of 

proton diameter)
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?



Neutrinos and forces

Do neutrinos interact via…

…weak force!

…gravity?

RangeStrength
Force 
carrier

10-6

6 x 10-39

W&Z
bosons

infinite

10-18 m
(0.1% of 

proton diameter)
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?



Neutrinos and forces

Do neutrinos interact via…

…weak force!

…gravity!

RangeStrength
Force 
carrier

10-6

6 x 10-39 ?

W&Z
bosons

infinite

10-18 m
(0.1% of 

proton diameter)
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Neutrino cross sections
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6/16/16 A.	
  Schukraft 20

From	
  Wikipedia:
The cross	
  section is	
  an effective area that	
  quantifies	
   the	
  intrinsic	
   likelihood	
  of	
  
a scattering event when	
  an	
  incident beam strikes	
  a target object,	
  made	
  of	
  
discrete particles.	
  The	
  cross	
  section	
  of	
  a particle is	
  the	
  same	
  as	
  the cross	
  
section of	
  a	
  hard	
  object,	
   if	
  the	
  probabilities	
   of	
  hitting	
  them	
  with	
  a	
  ray	
  are	
  the	
  
same.	
  It	
  is	
  typically	
   denoted σ and	
  measured	
  in	
  units	
  of	
  area.

And some 
more for 
other energy 
ranges…



How far does a neutrino travel?
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𝜎

𝐿
“mean	
  free	
  path”

Volume	
  swept	
  out: 𝑉𝑠	
   = 	
  𝜎	
  ×	
  𝐿



How far does a neutrino travel?
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𝜎

𝐿
“mean	
  free	
  path”

Volume	
  swept	
  out: 𝑉𝑠	
   = 	
  𝜎	
  ×	
  𝐿

Volume	
  per	
  nucleon: 𝑉𝑁	
   = 𝑚𝑝	
  /	
  𝜌
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𝜎

𝐿
“mean	
  free	
  path”

Volume	
  swept	
  out: 𝑉𝑠	
   = 	
  𝜎	
  ×	
  𝐿

Volume	
  per	
  nucleon: 𝑉𝑁	
   = 𝑚𝑝	
  /	
  𝜌

𝑉𝑠	
   = 	
  𝑉𝑁	
   → 𝐿 = 𝑚𝑝	
  /	
  (𝜌	
  ×	
  𝜎)



How far does a neutrino travel?
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𝜎

𝐿
“mean	
  free	
  path”

Volume	
  swept	
  out: 𝑉𝑠	
   = 	
  𝜎	
  ×	
  𝐿

Volume	
  per	
  nucleon: 𝑉𝑁	
   = 𝑚𝑝	
  /	
  𝜌

𝑉𝑠	
   = 	
  𝑉𝑁	
   → 𝐿 = 𝑚𝑝	
  /	
  (𝜌	
  ×	
  𝜎)

𝑚𝑝 = 1.67	
  x	
  10-­‐24 g
𝜌 = 2.7 B

CDE
	
  	
  	
  	
  (for	
  rock)	
  

𝜎 = 10-­‐38	
  𝑐𝑚2	
  (@	
  1GeV)



How far does a neutrino travel?
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𝜎

𝐿
“mean	
  free	
  path”

Volume	
  swept	
  out: 𝑉𝑠	
   = 	
  𝜎	
  ×	
  𝐿

Volume	
  per	
  nucleon: 𝑉𝑁	
   = 𝑚𝑝	
  /	
  𝜌

𝑉𝑠	
   = 	
  𝑉𝑁	
   → 𝐿 = 𝑚𝑝	
  /	
  (𝜌	
  ×	
  𝜎)

𝑚𝑝 = 1.67	
  x	
  10-­‐24 g
𝜌 = 2.7 B

CDE
	
  	
  	
  	
  (for	
  rock)	
  

𝜎 = 10-­‐38	
  𝑐𝑚2	
  (@	
  1GeV)
𝐿 = 6	
  x	
  108 km
(Diameter	
  of	
  the	
  Earth:	
  ~	
  13	
  000	
  km)
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Where are neutrinos coming from?
Flux: 
neutrinos 
per surface 
area, time, 
solid angle 
and energy
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Where are neutrinos coming from?
Flux: 
neutrinos 
per surface 
area, time, 
solid angle 
and energy

observed
observed

observed

observed

observed

observed
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Where are neutrinos coming from?

1 trillion per square-
cm per second

Flux: 
neutrinos 
per surface 
area, time, 
solid angle 
and energy
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Solar neutrinos

Our sun produces 
electron neutrinos in nuclear fusion

The sun in neutrinos
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All these are
electron neutrinos!

Solar neutrinos
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Theory:

Ủ
= ứν,solar

Flux: neutrinos per time 
and surface area

Ray Davis

John 
BahcallObserved:

1/3 ứν,solar

Homestake
experiment

A.	
  Schukraft

The solar neutrino problem (late 1960’s)

Experiment:

unstable



5/14/16 A.	
  Schukraft,	
  Fermilab 32

The solar neutrino problem
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The solar neutrino problem
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Theory:

Ủ
= ứν,solar Ray Davis

John 
BahcallObserved:

1/3 ứν,solar

Homestake
experiment

A.	
  Schukraft

The solar neutrino problem (late 1960’s)

Experiment:

unstable

2002

Flux: neutrinos per time 
and surface area
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillations
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When neutrinos interact, we 
see the flavor eigenstate

The sun is emitting 
electron neutrinos…

… on the way, these might 
change into muon neutrinos…

… and eventually 
change back

Flavor eigenstates Mass eigenstates

νe

ντ

νμ

ν1

ν2

ν3

≠

But they travel (wave function) 
as a mass eigenstate

Let’s introduce some math
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Neutrino mixing
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Propagation of mass eigenstatesνi is 
described by the plane wave equation:

Or as a function of travel distance L:

Probability of:
Sending flavor ử,
and detecting flavor Ữ

Function of:
• Mass mi
• Energy E
• Distance L

νe

ντ

νμ

Neutrino oscillations This	
  is	
  not	
  difficult!	
  
Wikipedia	
  can	
  help	
  you	
  get	
  through	
   it!

You	
  should	
   try!
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Propagation of mass eigenstatesνi is 
described by the plane wave equation:

Or as a function of travel distance L:

Probability of:
Sending flavor ử,
and detecting flavor Ữ

Function of:
• Mass mi
• Energy E
• Distance L

“Two—flavor approximation”

Neutrino oscillations This	
  is	
  not	
  difficult!	
  
Wikipedia	
  can	
  help	
  you	
  get	
  through	
   it!

You	
  should	
   try!

Oscillation is a function of   

L baseline
E energy
Characteristic parameters:
• Mass difference: Ỏm2 = mi2 – mj2

• Mixing angle: Ư̆ij

=
(assume there are only 2 flavors -> 
makes the matrix 2x2)
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4 approaches to measure neutrino oscillations

Solar Atmospheric

Reactor

Accelerator

νμ

Cosmic 
ray

Energy: GeV - TeV
Baseline: ~ 13 000 km

Energy: MeV
Baseline: (oscillation 

inside sun)

νe

νe
_

Energy: MeV
Baseline: 10 m – 100 km

Energy: GeV
Baseline: 30 m – 1500 km
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Neutrino oscillations in SNO



Confirmation with solar and atmospheric neutrinos

Solar Atmospheric

νμ

Cosmic 
ray

Energy: GeV - TeV
Baseline: ~ 13 000 km

νe

Sir Arthur McDonald

Takaaki Kajita6/16/16 45

Energy: MeV
Baseline: (oscillation 

inside sun)

✔ ✔
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Reactor

Accelerator

νe
_

Energy: MeV
Baseline: 10 m – 100 km

Energy: GeV
Baseline: 30 m – 1500 km

Confirmation with reactor and accelerator neutrinos

KAMLAND
MINOS

reactor ν’s test same parameter 
space as solar ν oscillations

accelerator ν’s test same parameter 
space as accelerator ν oscillations

✔✔



6/16/16 A.	
  Schukraft 47

Neutrino oscillations at Fermilab
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What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 
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What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 

Let’s make it easy and 
assume two flavor 
oscillation

1	
  -­‐
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What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 

Let’s make it easy and 
assume two flavor 
oscillation

1	
  -­‐
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What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 

Let’s make it easy and 
assume two flavor 
oscillation

E	
  =	
  2	
  GeV

1	
  -­‐
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What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 

Let’s make it easy and 
assume two flavor 
oscillation

E	
  =	
  2	
  GeV

1	
  -­‐



6/16/16 A.	
  Schukraft 53

What is the probability that a muon neutrino sent out from the 
NuMI beam arrives in Minnesota as a muon neutrino? 

Let’s make it easy and 
assume two flavor 
oscillation

E	
  =	
  2	
  GeV

1	
  -­‐

P	
  =	
  24%
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Cross check with three-flavor calculation

735	
  km	
  /	
  2	
  GeV

Two-­‐flavor	
  
approximation:	
  P	
  =	
  24% νe

ντ

νμ
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Cross check with three-flavor calculation

735	
  km	
  /	
  2	
  GeV

Two-­‐flavor	
  
approximation:	
  P	
  =	
  24% νe

ντ

νμ

Learn	
  more!
Next	
  neutrino	
   lecture:

Keith	
  Matera

July	
  26
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Where are neutrinos coming from?
Flux: 
neutrinos 
per surface 
area, time, 
solid angle 
and energy
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(Virgo  Cluster)

• Supermassive black holes 
in the center of galaxies

• Supermassive means 
> 109 solar masses

• Forms an accretion disk 
of matter around itself

• Eats ~ 1 solar mass/year!

• Ejects matter and 
radiation perpendicular 
to the accretion disk

• Ideal environment for 
shock acceleration!

There exist different types of 
AGN out in the Universe and they 
are very abundant!
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ν

e+

e-π+
µ

π0 γ (> PeV)
e+

e-

58

γ (> PeV)

Multimessenger astronomy

neutrinos

protons

photons
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How long do you have to wait to see a neutrino from an AGN if you 
detector is 1m3 of water?
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How long do you have to wait to see a neutrino from an AGN if you 
detector is 1m3 of water?

• Flux	
  =	
  10-­‐16 /	
  cm2 /	
  s	
  /	
  sr /	
  MeV

• Energy	
  range:	
  109 to	
  1012 eV

• Angular	
  coverage	
  4𝜋
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How long do you have to wait to see a neutrino from an AGN 
if your detector is 1m3 of water?

• Flux	
  =	
  10-­‐16 /	
  cm2 /	
  s	
  /	
  sr /	
  MeV

• Energy	
  range:	
  109 to	
  1012 eV

• Angular	
  coverage	
  4𝜋

Going	
   through	
   the	
  detector:	
  

Rate:	
  ~	
  	
  10-­‐5	
  /𝑠

This	
  is	
  about	
  one	
  per	
  day.
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How likely is it that this neutrino is going to INTERACT with your 
1m3 water detector?

Going	
   through	
   the	
  detector:	
  

Rate:	
  ~	
  	
  10-­‐5	
  /𝑠

This	
  is	
  about	
  one	
  per	
  day.
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How likely is it that this neutrino is going to INTERACT with your 
1m3 water detector?

Going	
   through	
   the	
  detector:	
  

Rate:	
  ~	
  	
  10-­‐5	
  /𝑠

This	
  is	
  about	
  one	
  per	
  day.
𝑉𝑠	
   = 	
  𝑉𝑁	
   → 𝐿 = 𝑚𝑝	
  /	
  (𝜌	
  ×	
  𝜎)
Remember:	
  neutrino	
  mean	
  free	
  path

𝑚𝑝 = 1.67	
  x	
  10-­‐24 g
𝜌 = 1 B

CDE
	
  	
  	
  	
  (for	
  ice)	
  

𝜎 = 10-­‐35	
  𝑐𝑚2	
  (@	
  1TeV)

𝐿 = 2	
  𝑥	
  109	
  𝑚
Or:
1	
  in	
  2x109 neutrinos	
   will	
  interact	
  during	
  crossing	
  a	
  1m	
  water	
  detector
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How likely is it that this neutrino is going to INTERACT with your 
1m3 water detector?

Going	
   through	
   the	
  detector:	
  

Rate:	
  ~	
  	
  10-­‐5	
  /𝑠

This	
  is	
  about	
  one	
  per	
  day.
𝑉𝑠	
   = 	
  𝑉𝑁	
   → 𝐿 = 𝑚𝑝	
  /	
  (𝜌	
  ×	
  𝜎)
Remember:	
  neutrino	
  mean	
  free	
  path

𝑚𝑝 = 1.67	
  x	
  10-­‐24 g
𝜌 = 1 B

CDE
	
  	
  	
  	
  (for	
  ice)	
  

𝜎 = 10-­‐35	
  𝑐𝑚2	
  (@	
  1TeV)

𝐿 = 2	
  𝑥	
  109	
  𝑚
Or:
1	
  in	
  2x109 neutrinos	
   will	
  interact	
  during	
  crossing	
  a	
  1m	
  water	
  detector

You	
  have	
  to	
  wait	
  106 years	
  to	
  
detect	
  such	
  a	
  neutrino!
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High energy muons can travel several 
kilometers in water, ice (and other media)

Cherenkov light cone

μ-­‐

νμ

Light sensors

Analogy: sonic boomCherenkov detectors
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Counting house

Heating plant

Drilling  tower

South  Pole  Station

Hot  water cable

Hot water drilling
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data	
  cable:	
  2500	
  m,	
  ~6	
  tons
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The Universe in 
neutrinos
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The multiwavelength Universe
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The multiwavelength Universe

?
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All solved?
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Neutrinos exist!

They exist in three flavors.

They oscillate.

They are not massless.

νe
ντ

νμ

All solved?
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• What is the neutrino mass?

• What is the neutrino mass ordering? 

• Are there more neutrino flavors than 3?

• Do neutrinos behave the same as anti-neutrinos?

• Are neutrinos their own antiparticles?

• Do neutrinos contribute to dark matter?

Not yet!

Next neutrino lecture:
Keith Matera
July 26


